The role of systemic and local insulin-like growth factor I (IGF-I) in the development of prostate cancer is still controversial. Transgenic adenocarcinoma mouse prostate (TRAMP) mice express the SV40 T-antigen under the control of the probasin promoter, and spontaneously develop prostate cancer. We crossed TRAMP mice with liver IGF-deficient (LID) mice to produce LID-TRAMP mice, a mouse model of prostate cancer with low serum IGF-I, to allow us to study the effect of circulatory IGF-I levels on the development of prostate cancer. LID mice have a targeted deletion of the hepatic Igf1 gene but retain normal expression of Igf1 in extrahepatic tissues. Serum IGF-I and IGFBP-3 levels in LID and LID-TRAMP mice were measured using novel assays, which showed that they are f10% and 60% of control L/LÀ mice, respectively. Serum growth hormone (GH) levels of LID-TRAMP mice were 3.5-fold elevated relative to L/L-TRAMP mice (P < 0.001), but IGFBP-2 levels were not different. Surprisingly, rates of survival, metastasis, and the ratio of genitourinary tissue weight to body weight were not significantly different between LID-TRAMP and L/L-TRAMP mice. There was also no difference in the pathologic stage of the prostate cancer between the two groups at 9 to 19 weeks of age. LID-TRAMP tumors displayed increased levels of GH receptors and increased Akt phosphorylation. These results are in striking contrast with the published model of the GH-deficient lit/lit-TRAMP, which has smaller tumors and improved survival, and indicate that the reduction in systemic IGF-I is not sufficient to inhibit prostate cancer tumor progression in the TRAMP model, which may require a reduction of GH levels as well. [Cancer Res 2008;68(9):3342-9] 
Introduction
There is controversy as to whether serum insulin-like growth factor I (IGF-I) has an important role in the development of prostate cancer. IGF-I is well-described as a growth and survival factor for cultured tumor cells, including prostate cancer. Chan et al. reported that men in the Harvard Physician Health Study whose serum IGF-I levels were in the upper quartile of the reference range had a 4-fold increased risk of developing prostate cancer in subsequent years compared with those whose serum IGF-I levels were in the lower quartile (1) . There are multiple reports that support the hypothesis that high serum IGF-I levels predisposes to prostate cancer (2) (3) (4) . However, Severi et al. reported that prediagnostic circulating levels of IGF-I were not associated with the risk of prostate cancer (5) . Other investigators similarly found no association between circulating levels of IGF-I and the risk of prostate cancer (6) (7) (8) (9) (10) (11) (12) .
The TRAMP (transgenic adenocarcinoma mouse prostate) mouse is an established murine model of prostate cancer (13) . We previously showed that serum IGF-I levels and prostate-specific Igf1 mRNA expression are increased during prostate cancer progression in TRAMP mice compared with nontransgenic controls (14) . When TRAMP mice were crossed with lit/lit mice, which are homozygous for a mutated GHRH receptor gene and have very low levels of both serum growth hormone (GH) and IGF-I, these mice exhibited dramatically delayed progression of prostate cancer (15) .
Liver IGF-deficient (LID) mice have been engineered to carry a liver-specific Igf1 gene deletion, but retain normal Igf1 expression in other tissues (16) . Serum IGF-I levels of LID mice were reported to be one-fourth of those of L/LÀ controls (mice homozygous for loxP-flanked Igf1 gene lacking the cre-recombinase transgene; ref. 16 ). Because of the lack of negative feedback by IGF-I, serum GH levels of LID mice were reported to be 4-fold higher than those of L/LÀ controls (17) .
It has been shown that the growth of certain cancers is impaired in LID mice. In a chemically induced mammary carcinoma model, tumor onset was 74 days in LID mice compared with 60 days in controls (18) . In LID mice crossed with C3(1)/SV40 large T-antigen transgenic mice, the mean age of onset of mammary tumors was 30 weeks compared with 22 weeks in controls (18) . In another study, colon 38 (mouse adenocarcinoma) tumors implanted in the cecum reached 1.2 g in LID mice and 1.6 g in L/LÀ littermates (19) .
To elucidate the role of circulatory IGF-I in the development of prostate cancer, we crossed TRAMP and LID mice to produce LID-TRAMP, a murine model of prostate cancer with very low circulatory IGF-I. Contrary to previous studies which targeted GH expression in TRAMP mice indirectly leading to IGF-reduction (15, 20) , we found no significant difference in survival, tumor growth, and metastasis between L/L-TRAMP (TRAMP mice homozygous for loxP-flanked Igf1 gene lacking the cre-recombinase transgene) and LID-TRAMP mice. These results suggest the possibility that either GH-induced, locally produced autocrineparacrine IGF-I compensates for reduced systemic IGF, or that in addition to IGF-I, the direct actions of GH might also be important for the development of prostate cancer in the TRAMP model. previously described (13, 16) . TRAMP mice were purchased from Jackson Laboratory. Both TRAMP and LID mice were maintained in a C57BL/6 background. They were fed standard lab chow and maintained on a 12 h light/12 h dark cycle in the animal facility at University of California at Los Angeles (UCLA). Female TRAMP mice were crossed with male LID mice to produce an F1 generation heterozygous for a loxP-flanked Igf1 gene carrying both SV40 small and large T antigen driven by the rat probasin promoter (PB-Tag), and a cre-recombinase gene driven by the albumin promoter and enhancer (Alb-Cre). F1 mice carrying both the PB-Tag and Alb-Cre transgenes were crossed with L/LÀ mice, littermates of LID mice and homozygous for loxP-flanked Igf1 gene without any transgene, to generate F2 mice homozygous for loxP-flanked Igf1 gene carrying both Alb-Cre transgene and PB-Tag transgene (LID-TRAMP) and F2 mice homozygous for loxP-flanked Igf1 gene carrying PB-Tag transgene (L/L-TRAMP). LID-TRAMP mice of F2 and subsequent generations were crossed with their L/LÀ littermates (and vice versa) to produce LID-TRAMP and L/L-TRAMP mice. The genotypes of all offspring were analyzed by PCR with genomic DNA isolated from ear or tail clippings. PCR protocols were used as previously described to analyze loxP-flanked Igf1 gene, the Alb-Cre transgene (21) and the PB-Tag transgene. Only male LID-TRAMP and L/L-TRAMP of F4 or later generations were used for experiments. All mice studied carried a copy of the PB-Tag transgene.
Blood and tissue sampling. At 14 to 20 weeks of age, 18 male L/L-TRAMP mice and 23 male LID-TRAMP mice were euthanized and blood samples were collected by direct right ventricle puncture and centrifuged at 2,000 Â g for 10 min at 4jC. Serum was stored at À80jC.
After blood collection, carcasses were perfused with cold 0.9% (w/v) NaCl solution by direct left ventricle puncture. Following perfusion, genitourinary tissues (GU) containing the bladder, prostate glands, part of urethra, bilateral seminal vesicles, and a small portion of bilateral ureters and vas deferens were dissected and weighed. For five 19-week-old male LID-TRAMP mice and five 19-week-old male L/L-TRAMP mice, GUs were quickly put into cold 0.9% (w/v) NaCL solution supplemented with protease and phosphatase inhibitor cocktails (Calbiochem). Each lobe of the prostate gland was dissected under a dissection microscope, weighed, and immediately frozen with liquid nitrogen or ethanol-dry ice. All procedures were approved by the Animal Care and Use Committee at UCLA.
Longitudinal survival. Seventy-seven male LID-TRAMP mice and 84 male L/L-TRAMP mice were observed until they died spontaneously or until the tumor grew above the size limit stipulated by UCLA Animal Research Committee guidelines (causing excessive suffering to the animals) and euthanasia was required.
At the time of death ( from any cause), genitourinary tissues (prostate with or without tumor, bladder, and bilateral seminal vesicles; GU) were dissected and weighed. At the same time, periaortic lymph nodes, perirenal lymph nodes, liver, peritracheal lymph nodes, and lungs were macroscopically examined for the presence of metastases. Tumor samples from 36-week-old LID-TRAMP and L/L-TRAMP mice were also harvested and snap-frozen. were assessed by mouse-specific ELISA assays. A, male LID-TRAMP mice at 12 to 19 wk of age show a 90% reduction in serum IGF-I as compared with male L/L-TRAMP mice of the same age (P < 0.001). B, male LID-TRAMP mice at 12 to 19 wk of age show 3.5-fold higher serum GH as compared with male L/L-TRAMP mice of the same age (P < 0.001). C, serum IGFBP3 levels of 12-to 19-wk-old male LID-TRAMP mice were 60% of male L/L-TRAMP mice of the same age (P < 0.001). D, IGFBP-2 levels were not different between strains.
ELISA of hormone levels. IGF-I and IGFBP-3 levels were measured by in-house mIGF-I and mIGFBP-3 ELISAs, as previously described (22) . Serum GH levels were measured by rat/mouse GH ELISA kit (ALPCO Diagnostics). Mouse-specific IGF-II and IGFBP-2 levels were measured by in-house ELISA assays using recombinant mouse proteins and monoclonal antibodies from R&D Systems.
Histology. Twenty-two LID-TRAMP and 23 L/L-TRAMP mice were euthanized at the age of 9 to 19 weeks. After blood samples were collected, the carcasses were perfused with 4% (w/v) paraformaldehyde. GUs were quickly dissected, weighed, and fixed with 4% paraformaldehyde at 4jC for 24 h. The tissues were embedded in paraffin and processed into 5-Am sections. The sections were stained with H&E and the stage of prostate cancer was evaluated by an experienced pathologist.
Western immunoblots. Frozen prostate or tumor was homogenized in protein lysis buffer and the protein concentration was measured by the Bradford method (Bio-Rad). Fifty micrograms of the lysate protein was separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. Membranes were blocked in 0.2% I-block (Applied BioSystems) Figure 2 . Rates of survival and metastases in the LID-TRAMP model. Mice were analyzed at the time of death. A, survival curves for the two strains. There were no significant differences in the survival rates between male LID-TRAMP and L/L-TRAMP mice. The hazard ratio of male LID-TRAMP mice to male L/L-TRAMP mice was 0.736. B, percentage of mice with metastasis. Reducing the circulatory IGF-I level does not reduce the rate of metastasis in male LID-TRAMP mice. The hazard ratio of male LID-TRAMP mice to male L/L-TRAMP mice was 0.97. C, percentage of mice with macroscopic lymph node metastasis in three sites. No significant differences were seen. D, percentages of mice with macroscopic organ metastases for the three major sites of metastases.
in PBS containing 0.1% Tween 20 for 3 h at room temperature and then probed with the appropriate primary and secondary antibodies. Antibody-antigen complexes were visualized by Western Lightning Chemiluminescence reagents (Perkin-Elmer) and autoradiography. Primary antibodies were as follows: rabbit anti-IGF-IRh antibody (1:2,000; Santa Cruz Biotechnology), rabbit anti-phosphorylated Akt (Ser 473 ) antibody (1:2,000; Cell Signaling Technology), rabbit anti-Akt antibody (1:2,000; Cell Signaling Technology), rabbit anti-PTEN antibody (1:2,000; Cell Signaling Technology), goat anti-GHR (1:1,000; R&D Systems), chicken anti-IGF-2R (1:2,000; Abcam), goat anti-AR (1:1,000; Abcam), rabbit anti-ERK (1:5,000; Cell Signaling Technology), and phosphorylated ERK (1:2,000; Cell Signaling Technology). h-Actin (1:10,000; Sigma) was used as a loading control.
Statistics. Two-tailed Mann-Whitney U test was used for analyzing differences in serum levels of IGF-I, GH, and IGFBP-3, and histologic stage of tumors between L/L-TRAMP and LID-TRAMP mice. Log-rank test was used to analyze the difference in survival and the rate of metastasis between L/L-TRAMP and LID-TRAMP mice. ANOVA was used to analyze the difference in linear regression slope and Y-intercept.
Results
To assess the effects of deletion of the hepatic Igf1 gene on circulating IGF-I, GH, and IGFBP-3 levels, sera were harvested from 12-to 19-week-old male L/L-TRAMP and LID-TRAMP mice and assessed by specific ELISA assays. Mean F SE serum IGF-I levels of L/L-TRAMP (n = 20) and LID-TRAMP mice (n = 25) were 177 F 11 and 17 F 2 ng/mL, respectively (P < 0.001; Fig. 1A) , showing a 90% reduction in circulating IGF-I in LID-TRAMP mice compared with L/L-TRAMP. Consistent with reduced circulating IGF-I, GH levels were 3.5-fold elevated in LID-TRAMP mice compared with control. Mean (range) serum GH levels of 12-to 19-week-old male L/L-TRAMP mice (n = 20) and LID-TRAMP mice (n = 25) were 6.8 (<0.5-31.0) and 23.8 (<0.5-109.0) ng/mL, respectively (P < 0.001; Fig. 1B) . Mean F SE serum IGFBP-3 levels of 12-to 19-week-old male L/L-TRAMP mice (n = 20) and LID-TRAMP mice (n = 25) were 439 F 44 and 241 F 15 ng/mL, respectively (P = 0.001; Fig. 1C) , showing that although reducing serum IGF-I levels does lead to a decrease in circulating IGFBP-3, the extent of this reduction is substantially less. IGFBP-2 levels were compared in Fig. 1D and were not different between strains.
We compared the life span of LID-TRAMP mice to controls and observed no significant difference in the survival rate between male LID-TRAMP and L/L-TRAMP mice (all mice were dead by 43 weeks as a result of their cancer). The hazard ratio of male LID-TRAMP mice to male L/L-TRAMP mice was 0.736 ( Fig. 2A) . This suggests that the reduction in circulating IGF-I did not affect survival.
In both strains of mice, macroscopic metastases (in lymph nodes, lungs, kidney, liver, and bone) appeared after the age of 19 weeks and reached 100% by 40 weeks of age. There was no significant difference in the rate or site of metastasis between male LID-TRAMP and L/L-TRAMP mice. The hazard ratio of male LID-TRAMP to male L/L-TRAMP mice was 0.97 (Fig. 2B) . Analysis of specific lymph node metastases shown in Fig. 2C showed no differences between strains. Analysis of specific organ site metastases shown in Fig. 2D showed similar rates of lung metastases among the strains. Liver metastases showed an insignificant trend towards fewer metastases in the LID-TRAMP strain, whereas rare bone metastases were insignificantly less prevalent in this strain. Overall, however, metastases are not different in either model. Lytic bone lesions occurred in two LID-TRAMP mice and in none of the L/L TRAMP mice (out of 133 mice total; P = not significant).
Relative GU weight (GU weight/body weight) remained low until the age of 15 weeks, but then rapidly increased in both LID-TRAMP and L/L-TRAMP mice (Fig. 3A) . When the relative GU weights of male LID-TRAMP mice were log-transformed and plotted against age, linear regression was observed. The slope of the regression line was 0.0805, the Y-intercept was À4.74, and the r 2 value was 0.479. When the relative GU weights of male L/L-TRAMP mice were logtransformed and plotted against age, the slope of the regression line was 0.0937, the Y-intercept À5.00, and r 2 was 0.607. There was no significant difference in the slope and Y-intercept of regression lines between male LID-TRAMP and L/L-TRAMP mice (Fig. 3B ). There were no correlations between the weights of GU tumors and IGFBP-2, IGF-I, IGFBP-3, or GH levels (data not shown).
By 12 weeks of age, both LID-TRAMP and L/L-TRAMP mice had moderately differentiated prostate carcinoma (Fig. 4A) . There was no difference in the histologic findings between LID-TRAMP and L/L-TRAMP mice either at early (9-12 weeks) or intermediate (15) (16) (17) (18) (19) weeks) stages of tumor development (Fig. 4B) .
We examined the expression of various molecules within the GH-IGF axis using specific immunoblots (Fig. 5) . A significant increase was observed in the levels of GH receptors in the LID-TRAMP model and these tumors also exhibited significantly higher levels of phosphorylated Akt. There was a trend towards lower PTEN levels in LID-TRAMP tumors (P = 0.2), however, this did not IGF-I content in tumors (measured by ELISA) ranged from 10 to 300 pg/mg of protein. At 19 weeks, there was a trend for higher IGF-I levels in LID-TRAMP mice versus L/L TRAMP (115 F 90 versus 50 F 30; P = 0.2), but this trend was reversed in tumors from older mice, and overall, no significance was seen. IGF-II levels were below the limit of the detection of the assay (<0.1 ng/mg protein) in tumor extracts. The mRNA levels for AR, IGF-I, and IGF-II were measured by quantitative reverse transcription-PCR (Applied Biosystems) and were not different between strains (data not shown).
These data indicate that there is a differential molecular response to the circulating GH and IGF levels in LID-TRAMP and L/L-TRAMP tumors, whereby a low systemic IGF-I environment coupled with higher GH levels was associated with compensatory increases in the GH receptor and possibly higher tumor IGF levels and an accelerated loss of PTEN, all of which lead to higher levels of phosphorylated Akt in the LID-TRAMP tumors.
To address the question of the sensitivity of TRAMP tumors to IGF-blockade directly, we used a cell line derived from TRAMP tumors grown in the presence of 1 mmol/L of IGF-IR blocking antibody (a gift from Dr. Frank Calzone, Amgen, Thousand Oaks, CA) or control IgG for 24 hours and measured apoptosis using Death Detection ELISA PLUS for the determination of cytoplasmic histone-associated DNA fragments (Roche Applied Science) following the manufacturer's instructions. IGF-IR blockade increased apoptosis by 30% (P < 0.01).
Discussion
We developed a prostate cancer mouse model with very low serum IGF-I to address the contribution of circulatory IGF-I to the development of prostate cancer. The serum IGF-I levels of LID-TRAMP mice we report here are significantly lower than those reported previously (16) . The likely explanation for this is the enhanced specificity and sensitivity of the primary antibody used in our ELISA. In this assay, serum IGF-I levels of LID mice were comparable with LID-TRAMP (data not shown) measured using our in-house ELISA (22) . We did not detect any differences in These results suggest that, in the TRAMP model, circulatory IGF-I has little effect on the development of prostate cancer after 9 weeks of age (the equivalent of localized prostate cancer in men), when GH levels are elevated.
Two previously published mouse models of genetic disruptions in the GH-IGF axis showed delayed progression of prostate cancer (refs. 15, 20; Table 1 ). Both of these models, however, were associated with interrupted GH signaling, either by the elimination of GH secretion in the lit/lit mouse that harbors a mutation in the GHRH receptor (15) or by abolishing the action of GH in the GHRnull mouse (20) . In both of these models, circulating IGF-I levels were also very low (similar to the LID mouse) and IGFBP-3 levels were even lower than in the LID model. 3 In these two models, size was substantially reduced compared with wild-type animals, whereas the LID mouse displays only a small (10%) reduction in auxologic growth. Our data does not suggest that increased local regulation of IGF-IR accounts for this observation, however, an insignificant trend towards higher IGF-I content in prostate tumors from 19-week-old TRAMP mice suggests the possibility of increased local IGF-I, perhaps as a result of increased GH action. Another possible explanation for the differing results between the LID-TRAMP and the lit/lit TRAMP models are the differences in local GH-dependent effects in these different model systems, either in stromal or epithelial components, which can be assumed to be reduced in the GHR À/À and GHRHR À/À prostate cancer models but increased in the LID-TRAMP, especially in lieu of the increased tumor GH receptors levels coupled with increased serum GH levels. This possible explanation involves the direct actions of GH on the progression of prostate adenocarcinoma, which compensate for the lack of circulatory IGF-I. This would be consistent with previously reported data in LNCaP cells, showing the expression of GH receptors and a GH-induced increase in androgen receptor levels (23, 24) . Nevertheless, there could be other differences between the LID-TRAMP and lit/TRAMP models, including the fact that the LID-mouse has elevated insulin levels, which may play a role in the pathogenesis of prostate cancer, and GH suppression may not be the growth stimulus in that model.
We showed that TRAMP cells in culture are susceptible to inhibition by IGF-IR blockade. This indicates that blocking IGF signaling acutely inhibits TRAMP tumors, but that in a long-term in vivo study, the reduction of systemic IGF-I allows the tumor to develop alternative adaptive growth pathways. At 19 weeks of age, prostate tissue from LID-TRAMP mice expressed more GH receptors and displayed higher levels of phosphorylated Akt. The possible contribution of GH activation of Akt phosphorylation (possibly via local IGF-I production) versus decreased PTEN activity (which showed a trend towards lower levels in our study; P = 0.2, but was not statistically significant) needs to be evaluated further. These results suggest that depletion of systemic IGF-I from the early stage of prostate cancer development may induce the development of a tumor that is less dependent on IGF-I for growth. Because many therapies involving the blockade of IGF-I signaling are currently being developed for prostate cancer including anti-IGF-I receptor monoclonal antibodies, which seem to be very promising in this disease (25) , the role of the GH and IGF axis on the progress of prostate cancer should be continued to be thoroughly characterized. It is possible that future therapy for patients with prostate cancer may involve the blockade of both IGF-I and GH pathways.
It is, however, interesting that in one experimental model of prostate cancer of allografts implanted in rats, GH treatment actually increased survival, suggesting that inhibiting GH action may affect the host as much as the tumor (26) . Future studies should examine additional models of genetic alterations of the GH-IGF axis in prostate cancer including prostate-specific blockade of GH action in tumors.
It is striking that the dramatic reduction of IGF in the circulation did not affect progression in the TRAMP model as recent studies showed the susceptibility of TRAMP tumors to various nutritional interventions, which may be related to the IGF system (27) . Nevertheless, the role of GH in our model cannot be directly assessed. Indeed, in this mouse model, as in early clinical trials of IGF-IR blockade with IGF-IR neutralizing antibodies, GH levels increase secondarily to the low serum IGF-I or IGF-IR signaling. Therefore, the causative role of GH is speculative and only future studies in animal models and clinical trials will fully determine the relative value of IGF-I versus GH blockade or their combination.
In conclusion, data from this report indicate that reduction of systemic IGF-I in the face of elevated GH levels is insufficient to reduce the progression of prostate cancer in the TRAMP model and may be associated with a more aggressive molecular response to IGF deprivation in the tumor in the form of GHR and phosphorylated Akt up-regulation. Future studies of the GH-IGF system as a target for prostate cancer drug development should address the role of GH as an additional drug-able target using agents such as GH receptor antagonists. 
